In this paper, we trace out how a decline in industrial production in one region can be propagated throughout Japan. We model Kanto as the dominant region, which includes the Tokyo area, and then use the model to analyze how a shock to industrial production in Tohoku-owing to the earthquake-can be propagated throughout Japan. In our econometric model, regions and industries within regions are linked by an input-output structure and this input-output structure disciplines how the shocks are spatially propagated.
Introduction
On March 11, 2011, a devastating earthquake and tsunami hit the Tohoku and Northern Kanto regions of Japan. The damage was mostly concentrated in the Iwate, Miyagi, and Fukushima prefectures. In particular, all three prefectures were swept by the tsunami, with much of the immediate damage caused by the tsunami. In the areas impacted by the tsunami, industrial production declined by over 95 percent between March and July of 2011.
Nearly 23000 people were killed (or missing) in these prefectures; and in the days after the earthquake, about 125,000 people (or 2 percent of the three prefectures' populations) evacuated. Destruction to the capital stock was estimated to be about $180 billion, or 10 percent of the total capital stock in the three prefectures.
The overall weight of Iwate, Miyagi, and Fukushima in Japan is small, comprising about 4 percent of both the Japanese population and GDP in 2010. Still the immediate impact of the earthquake and tsunami on Japanese aggregate production was huge, with the negative effect on aggregate GDP lingering on for a year or more. This is because these three prefectures were major producers of electronics and other intermediate parts used for production in other Japanese regions (and even the world), and the stoppage in production of these intermediate parts meant that production of the final goods in the electronics, automotive, and other industries were stalled all over Japan. For example, Tohoku accounted for 42 percent of the micro-semiconductors and 40 percent of the flat screen filters used in the Japanese production of automobiles and cell phones.
The importance of this collapse in Tohoku intermediate input production can be seen in how Japan's aggregate GDP declined in the immediate aftermath of the earthquake. Compared to the previous quarter (before the earthquake), Japanese aggregate GDP declined by 1.9 percent in the first quarter of 2011.
1
The declines in aggregate consumption and inventories contributed 0.9 and 0.6 percent to the overall GDP decline, respectively.
2 Inventories dropped sharply, as firms nationwide dug into their inventories to supply the intermediate partsdisrupted by the earthquake-necessary for production.
In subsequent quarters, while consumption recovered, inventories continued their depletion. Between the last quarter of 2010 and the third quarter of 2012, aggregate GDP grew by 0.5 percent. Aggregate consumption contributed 1.2 percent to this growth, but the depletion of inventories and the decline in net exports contributed to dragging down GDP by 0.6 percent and 1.8 percent between the last quarter of 2010 and the third quarter of 2012. In this paper, we trace out how a decline in industrial production in one region can be propagated throughout Japan. We take Kanto (Tokyo) as the dominant region and explain how a shock to industrial production in Tohokuowing to the earthquake-can be propagated throughout Japan. Kanto (Tokyo) was chosen as the "dominant" region, since we estimate our model using data from 1998, and during most of this period, more and large shocks have emanated from Kanto than from other regions. 4 Our maintained a priori assumption is that 1 It is important, however, to keep the magnitude of the impact of the Tohoku earthquake in perspective. In fact, the negative impact of the global financial crisis in late 2008 on overall Japanese GDP was far larger than the negative impact of the Tohoku earthquake. Moreover, how the 2008 global financial crisis caused the Japanese recession at that time is vastly different from how the Tohoku earthquake caused the latest Japanese recession.
While the recession after the 2008 financial crisis was caused by a decline in Japanese investment and an exogenous fall in exports, owing to a collapse in foreign demand, the recession post-earthquake was related to the inability of Japan to produce inputs to production, such as intermediate products and energy, which led to a drawdown in inventories, a decline in the ability to supply exports, and the increased imports of raw materials.
2 Let GDP=C+I. Then in an accounting sense, the contribution of variable C to the growth in GDP is approximately (C/GDP)*∆C/C.
3 During this longer period, net exports declined because of the fall in total exports and the increase in total imports. The decline in total exports contributed to dragging down GDP growth by 0.6 percent and the rise in total imports contributed to dragging down GDP growth by 1.2 percent. Much of the increase in imports was driven by the increase in natural gas and other fossil fuel imports. Energy imports increased, since Japan was faced with an energy shortage. The energy shortage was caused by a shutdown of almost all of the country's nuclear power plants, which normally provides 30 percent of Japan's total energy. 4 The assumption of choosing Tokyo as a dominant region seems more justifiable when we during the period including the Tohoku earthquake, Kanto can be treated as a dominant region. This allows us to consistently estimate separate conditional error correction models for different regions of Japan, which we then combine with a model for Tohoku to solve for a full set of spatio-temporal impulse response functions. Conditional impulse response analysis traces out the effects of shocks over time. However, with a spatial dimension, dependence is both spatial and temporal. In our impulse responses using our econometrically estimated model, we trace out the effects from a shock to Tohoku. In our econometric model, regions and industries within regions are linked by an input-output structure and this input-output structure disciplines how the shocks are spatially propagated. Our emphasis on the input-output structure in the propagation of shocks after the Tohoku earthquake is motivated by the fact that much of the immediate impact of the Tohoku earthquake on other regions was driven by the decline in intermediate inputs produced in Tohoku. The shocks to Tohoku are propagated spatially to other regions. The other regions in turn impact still other regions with a delay. We also allow these lagged effects to echo back to Tohoku. This is not the first paper to trace out the effects of the earthquakes and other natural disasters on Japanese output and industrial production. Davis and Weinstein (2002) , Okazaki, Ito, and Imaizumi (2002) , and Tokui, Kawasaki, and Miyagawa (2013) examine how the distribution of economic activity within Japan are impacted by natural disasters. Uchida, Miyakawa, Hosono, Ono, and Uesugi (2013) examine how shocks arising from earthquakes, when interacted with fianncing constraints, can lower firm-level industrial production.
2 The Impact of the 2011 Tohoku Earthquake on Aggregate and Regional Industrial Production.
GDP includes a sizable component of non-manufacturing production, including the production of services. To better isolate the impact of the disruption of the production of parts in Tohoku on Japanese manufacturing production, for the remainder of the paper, we focus on the measure of industrial production, which mainly captures manufacturing production. Figure 1 depicts the pattern in industrial production from the third quarter of 2008 to the third quarter of 2012. We can observe that disruptions owing from the Lehman crisis sharply lowered Japanese aggregate industrial production in the first quarter of 2009. Compared to the decline in production from the Lehman crisis, the decline in production from the earthquake was far milder.
This aggregate pattern, however, masks the wide regional disparities in the impact of the earthquake. Not surprisingly, the decline in production in Tohoku was far larger during the earthquake than during the financial crisis. are estimating our model using data from 1998. In an earlier version of our paper, we chose Tohoku as the "dominant" region in our estimates, but our impulse responses were unaffected.
The impact of the earthquake was much more regionally concentrated than the impact of the financial crisis.
In Figure 2 , we show a map when the 47 prefectures are aggregated into 8 regions. We aggregate the prefectures up to this level, since the input-output tables that we use extensively below are only available at this regional breakdown. With this aggregation, Tohoku now includes Aomori, Akita, and Yamagata, in addition to the three heavily impacted prefectures of Iwate, Miyagi, and Fukushima. The Kanto region includes Japan's largest cities of Tokyo and Yokohama (Kanagawa); and the Chubu region includes the important heavy manufacturing prefectures of Aichi and Shizuoka. In this aggregation, since Chubu also includes the Hokuriku region, Chubu also turns out to be adjacent to Tohoku. While the decline was not as steep as during the financial crisis, production declined sharply post-earthquake in Kanto and Chubu. In March 2011, industrial production fell by 20 percent in Kanto and 25 percent in Chubu. The Kanto prefectures of Chiba, Saitama, Ibaragi, Tochigi, and Tokyo were directly impacted by the earthquake, but not the tsunami, so the direct damage to their capital stock was minimal. However, the Kanto region has many factories using inputs produced in the Tohoku region, so production was halted in many of the factories. Likewise, the Chubu region is Japan's industrial heartland, and many of the factories located there such as the automobile factories used inputs made in Tohoku.
Despite its geographic proximity to Tohoku, Hokkaido was spared of much of the impact of the earthquake. Kyushu, Shikoku, Kinki, and Chugoku are all located far from Tohoku. While Chugoku and Shikoku's industrial production declined after the earthquake, Kyushu's industrial production, while declining slightly after the earthquake has bounced back strongly. It is said that Kyushu produces many products that are substitutes to Tohoku's, so that Kyushu was in fact a beneficiary of the damage to Tohoku's production facilities. Surprisingly, Kinki, while including the industrial cities of Osaka and Kobe, was spared of the direct effects from the supply disruption of the intermediate parts produced in Tohoku.
3 Indices of Interactions Among Japanese Regions.
As discussed above, the earthquake to Tohoku affected different regions in different ways. Some regions like Kanto and Chubu experienced a sharp fall in industrial production, while industrial production in Kinki, Chugoku, and other Southern regions barely budged. We have argued that the different propagation mechanisms in industrial production may be related to how different regions used the inputs produced in Tohoku or were substitutes to the inputs produced in Tohoku. In this Section, using input-output matrices that include 17 industries in our 8 regions, we show how the different regions in Japan are "interrelated." We consider three measures of "interrelatedness." The 17 industries and 8 regions are depicted in Table 1 . The measures of "interrelatedness" are: 1) how two regions are "similar" (Conley and Dupor (2003) ) 2) how much two regions buy from each other; and 3) the geographical adjacency of two regions.
"Interrelatedness" Measures
We use the Japanese regional input-output matrices for 2005 compiled by RI-ETI, in which there are N = 8 regions. The raw input-output matrices includes rows (suppliers of commodities) and columns (purchasers of commodities) that do not correspond to any industries. On the column side, besides intermediate users of commodities such as manufacturing, mining, and construction, the input-output table contains columns for other components of gross domestic product: consumption, investment, change in business inventories, and government purchases. On the row side, the input-output table contains rows for compensation to nonindustries such as wages and taxes. We address these components of the regional input-output table by: (a) removing all the final-use columns of the input-output table; and (b) dropping all additional rows of the table. Finally, the original matrix has 29 industries, but we drop "public administration", "medical services", "business services", "personal services", and "others", to arrive at M = 17 industries, which are primarily in manufacturing.
Notation
, which is the total value of transactions between s's supply and b's purchase. In other words, the s-th row of Γ corresponds to the value of sales of s, and the b-th column of Γ corresponds to the value of purchases of b.
as the total value of sales from region-i's industry-m to region-j's industry-n.
"Similarity" Regional Matrix
This economic distance measure (modified from Conley and Dupor (2003) ) holds that two regions are close if they buy goods from similar industries. We use the argument that regions with similar input requirements are likely to have similar technology; so that the same shock to a given region is likely to affect the output of another "similar" region.
Steps to compute the "similarity" matrix.
for i, j = 1, ....N . This matrix is depicted in Table 2 (a). According to this matrix, prefectures most related to Tohoku (in order) are: Kanto, Shikoku, Hokkaido, Kinki, Chubu, Chugoku, and Kyushu.
Mutual Buying Regional Matrix
Our second measure of "interrelatedness" measures how much two regions are buying from each other, relative to their purchases from other regions. The more the two regions are buying from each other, the more dependent or "interrelated" are the two regions. X with (i, j)-the element
The first term is the weight of sales from region i to region j among all the regions' sales to region j. The second term is the weight of purchases by region j from region i among all the regions' purchases from region i. This matrix is depicted in Table 2 (b). According to this matrix, prefectures most related to Tohoku (in order) are: Kanto, Chubu, Kinki, Hokkaido, Chugoku, Kyushu, and Shikoku.
Contiguity Matrix
The last matrix of "interrelatedness" simply assigns a value of one if the region shares a border with another region, deeming that if they share a border, they are "similar." This matrix is depicted in Table 2 (c). According to this matrix, prefectures most related to Tohoku (in order) are: Hokkaido, Kanto, Chubu, Kinki, Chugoku, Shikoku, and Kyushu.
Regional Spillover Effects

Model of Regional Spillover Effects
Holly, Pesaran and Yamagata (2011) designed a method for analyzing the spatial and temporal diffusion of shocks to a dominant region, which was applied to evaluate the effects on UK housing prices due to shocks on the housing price to London. The method treats the house price of London as a common factor and then models the contemporaneous as well as lagged dependencies among regions conditional on London house prices.
We employ the diffusion model of Holly, Pesaran and Yamagata (2011) to assess the shock of Tohoku earthquake on the other regions in Japan. We make use of monthly data of industrial production for the 8 Japan regions defined in the previous section. The data ranges from January 1998 to October 2012, so that T = 178.
Denote p it as the industrial production data of region i at time t, for i = 1, · · · , N and t = 1, · · · , T . The diffusion model treats the dominant region (i = 1) and the rest of the regions (i = 2, · · · , N ) differently by allowing for the shock on the dominant region to affect the other regions not only contemporaneously but also through lagged impacts, while allowing for no contemporaneous effects from the rest of the regions on the dominant region.
For
For region i = 1, φ 11 and c 10 are set to be 0 in the above equation (1), wherē
S ij ≥ 0 is the (i, j)-th element of weighted spatial matrix S, which measures the spatial connection between region i and region j. Notice that S is row standardized in that each row of S sums up to 1. In practice, S is estimated by row standardizing the "interelatedness" measures defined in the previous section, namely, the "Similarity Matrix", the "Mutual Buying Matrix", and the "Contiguity Matrix".
As pointed out by Holly, Pesaran and Yamagata (2011), the error correcting specification of equation (1) is a parsimonious representation of pair-wise cointegration of the data across regions. In addition, weak exogeneity of ∆p 1t in equation (1) can be tested by the procedure of (1973).
In the estimation of the model above, we take Kanto (Tokyo) as the dominant region. Tokyo's industrial production is assumed to be only affected by its own lagged industrial production and the lagged effects of its neighbor's industrial production. The industrial production of other regions is assumed to be affected by not only the lagged effects of Tokyo and the remaining regions, but also the contemporary effects of the shocks to Tokyo.
Spatio-temporal Impulse Response Functions
We can use the estimates from the model above to examine impulse responses both over time and space.The persistence profile of shocks to the system over time and across regions can be evaluated using generalized impulse response function (GIRF), initially advanced by Pesaran and Shin (1998) .
For horizons h = 0, 1, · · ·, the impulse response of a unit (i.e. a standard deviation) shock on the dominant region is computed as
where
is the vector of industrial production data at time t, F t is the filtration of information up to time t, σ 11 = var(ε 1t ), and e 1 = (1, 0, · · · , 0) . By stacking the N regressions in (1), Holly, Pesaran and Yamagata (2011) derived that
where a, H, A l , G l , and C l are matrices of model parameters. It can be solved from the above expression to get
In a VAR form, this implies that (2) is defined as
Empirical Results
Kanto (Tokyo) is set as the dominant region in model (1) to account for both of its contemporaneous and intertemporal impacts. We follow Holly, Pesaran and Yamagata (2011) to estimate model (1) equation by equation using OLS, and the estimation results are reported in Table 3 . We construct the weighted spatial matrix basing on three measures of regional "interrelatedness". Table 4 , Figures 6-8 , and Figure 9 , contain the results when evaluating the Tohoku diffusion effects using total industry production data. Table 4 (a) reports the results based on the row standardized "Similarity" matrix, Table 4 (b) reports the results based on the row standardized "Mutual Buying" matrix, and Table 4 (c) reports the results based on the row standardized "Contiguity" matrix. We can see that results from Table 4 (a), (b), and (c) are similar in the following ways.
Total Industrial Production
"Own lag" is the estimated kia l=1 a il . A positive "own lag" effect implies that the series continues to drift in the same direction as last period, exhibiting either an upward trend or a downward trend. A negative "own lag" effect implies that the series adjusts to last period's increase by a decrease in the current period, exhibiting a property like mean reverting. Estimation based on the "Similarity" matrix identifies the own lag effects of Tohoku, Hokkaido, Chubu, Kinki, Chugokku, and Shikoku to be significant. Estimations based on the "Mutual Buying" matrix and the "Contiguity" matrix identify the same set of significant own lag effects, ie. own lag effects are only found to be insignificant for Kanto and Kyushu.
"Neighbour lag" estimates the dynamic spillover effects k ib l=1 b il . A positive "neighbour lag" effect implies that the series moves in the same direction as the weighted average of its neighbour in the last period. A negative "neighbour lag" effect implies the series moves in the opposite direction. Both the estimation based on the "Similarity" matrix and the estimation based on the "Mutual Buying" matrix identify the same set of significant neighbour lag effects in Hokkaido, Kinki, Chugoku, Shikoku, and Kyushu. Estimation based on the "Contiguity" matrix identifies significant neighbour lag effects in Chubu, Kinki, Chugoku, Shikoku, and Kyushu. Finally, based on all three "interrelatedness" measures, the estimated neighbour lag effects on all the regions are positive, except for the neighbour lag effect on Tohoku and the neighbour lag effect of Kanto when the Contiguity matrix is used as the "interrelatedness" measures.
"Kanto lag" is the estimated lagged effect of Kanto. A positive "Kanto lag" effect implies that the series moved in the same direction as Kanto did in the last period. Based on all the connectedness measures, the estimated "Kanto lag" effects are found to be significantly positive for Tohoku. Significantly positive "Kanto lag" effects are also observed for Chubu when using the "Similarity matrix" and "Mutual buying matrix" and for Hokkaido when using the "Contiguity matrix".
"Kanto current" is the estimated contemporaneous effect of Kanto, c i0 . A positive "Kanto current" effect implies that the series simultaneously moves in the same direction as Kanto. Based on all the connectedness measures, the estimated "Kanto current" effects are similar, and all of them are significantly positive.
EC1 is estimated φ i1 , which is referred to as the error correction term of (p i,t−1 − p 1,t−1 ), the deviations of region i from Kanto. The estimated EC1 are similar based on the three connectedness measures, which give a significantly negative EC1 for Chugoku; the Similarity matrix additionally identifies that Tohoku also has a significantly negative EC1. EC2 is the estimated φ is , the error correction term of (p i,t−1 −p s i,t−1 ), the deviation of region i from its neighbours. The estimated EC2 based on the three "interrelatedness measures" identify Chugoku and Shikoku to have significantly negative EC2; the "Mutual Buying matrix" and the "Contiguity Matrix" both identify Tohoku to have a significantly negative EC2.
WH-stat is the Wu-Hausman test statistics (Wu, 1973 ) testing the null hypothesis that production changes in the dominant region Kanto are exogenous to production changes in the other regions. The results show that most of the regressions passed the Wu-Hausman test, except for the regression of Hokkaido based on the "Contiguity" matrix.
k ia , k ib , and k ic are all selected by the Schwarz Bayesian criterion (SBC). Based on all three "interrelatedness" measures, SBC selected k ia to be equal to 1 and k ib to be equal to 1 or 2. SBC selected the lag orders k ic = 0, producing the estimated "Kanto lag" effects, The persistence profile of Tohoku shows that it takes about 2 years for Tohoku to fully absorb a positive unit of shock to its monthly IP level. The persistence profiles of all the regions other than Tohoku show that a positive unit of shock to Tohoku can be quickly and well adjusted within about a year's time. Figure 6, Figure 7 , and Figure 8 also reveal similar persistence profiles in terms of the shape and the degree of the persistence basing on the three different "interrelatedness" measures.
For selected time periods h = 0, 3, 5, 10, 20, 50, Figure 9 depicts the GIRF across regions and over time. The results are estimated for the "Similarity," "Mutual Buying," and "Contiguity" matrices. The regions are ordered on the horizontal axis from left to right according to their "closeness" (according to each of the three "interrelatedness" matrices) to Tohoku. For example, in Figure  9 (a), according to the "similarity" matrix, the ordered horizontal axis shows that the "closest" region to Tohoku is Kanto, followed by Hokkaido, Kinki, Shikoku, Chubu, Chugoku, and Kyushu.
If "proximity"-according to the various definitions-results in higher spillovers, then we should see a declining pattern in the graphs. As the regions become further from Tohoku, the impact of the Tohoku shock should dissipate. In general we see no such pattern in the graphs, except for Kanto. A positive Tohoku shock always tends to raise Kanto and Shikoku industrial production. While Kanto is "close" to Tohoku by all three measures, Shikoku is rather "far," but is strongly affected by Tohoku shocks. Chubu is relatively "close" to Tohoku, but its total industrial production is scarcely affected by Tohoku's.
Key Industries
There certainly have been other shocks hitting Japan in the few months following the 2011 earthquake. There was a nationwide adverse demand shock in the Spring and Summer of 2011, owing to negative consumer sentiment. The regulation and forced conservation of electrical power usage throughout Japan after the earthquake lowered production in other sectors. In principle, the impulse response methodology above controls for these other factors, since the impulse response shock is supposed to identify only the partial effect on other regions from the adverse earthquake shock to Tohoku.
To focus more on the role of Tohoku's intermediate products production on the output in the rest of Japan, below we trace out the shocks emanating from the decline in the production of electrical and automotive parts in Tohoku. Tohoku was an important producer of the two industries, and other regions used the output of these industries from Tohoku as intermediate goods. Figure 4 , and Figures 10-12 contain the results when evaluating the effects of the Tohoku earthquake using production data of only the Electric Machinery Industry. Tables 5(a) and 5(b) report the results based on the "Mutual Buying" and "Contiguity" matrices (the "Similarity" matrix is undefined when we have only one industry.) All of the estimates in the Tables appear reasonable. Figure 10 depicts the effects of a one standard error positive shock to electrical industry production in Tohoku. The impacts are relative large and persistent in Hokkaido, Chubu, Shikoku, and Kyushu. The effects are relatively small in Kinki and Hokkaido. In Figure 12 , we order the regions according to their proximity to Tohoku in the electrical machinery industry. As expected from the impulse responses, the effects to Kanto and Kinki are small, while they are large and persistent for Hokkaido, Chubu, Shikoku and Kyushu. It appears that the shocks to the electrical machinery industry had relatively large and important effects on the electric machinery industries throughout Japan, except for the very large (in terms of GDP and size) regions of Kanto and Kinki, where the effects were minimal. Tables 6(a) and (b), Figure 5 , and Figures 13-15 contain the results when evaluating the effects of the Tohoku earthquake using production data of only the Transportation Industry. Tables 6(a) and 6(b) show that the effects are relatively large for Chubu, Kinki, and Kyushu, although the effects dissipate quickly for Kinki. In Figure 15 , we order the regions according to their proximity to Tohoku in the transportation equipment industry. With regards to the effect on Chubu, a major automotive producer, the immediate effects are large, but they dissipate after one period, then the effects grow again. The effects are relatively large for Kyushu and Hokkaido through all periods.
Electric Machinery Industry Tables 5(a) and (b),
Transportation Equipment Industry
Conclusion
In this paper, we traced out how a decline in industrial production in one region can be propagated throughout Japan. We take Kanto as the dominant region and explain how a shock to industrial production in Tohoku-owing to the earthquake-can be propagated throughout Japan. In our econometric model, regions and industries within regions are linked by an input-output structure and this input-output structure disciplines how the shocks are spatially propagated.
Our emphasis on the input-output structure in the propagation of shocks after the Tohoku earthquake is motivated by the fact that much of the impact of the Tohoku earthquake on other regions was driven by the decline in intermediate inputs produced in Tohoku.
In general, while we definately find effects on industrial production from the Tohoku earthquake, the regional effects do not seem to depend on our definitions of proximity, although we observe significant heterogeneity in how different prefectures were affected by the spillovers from the Tohoku earthquake.
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Data 1998 to 2011 for IP, Electric Industry, and Transport Industry Note: t-statistics in parentheses. Kanto's lagged effect are estimated to be 0 and thus omitted from the report. Lag orders are selected separately by Schwarz Bayesian criterion from a maximum lag order of 4. 
